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This study is aimed to evaluate the soil radionuclides' activity concentrations and envi-
ronmental outdoor gamma dose rates in Tudor Shaft mine environs, South Africa. The
excess lifetime cancer risks are also calculated. Outdoor gamma dose rates were deter-
mined in 45 soil samples taken from 9 locations. The maximum and minimum average
outdoor gamma dose rate taken 1 m above ground was 202.74 ± 14.18 and
131.09 ± 5.43 nGy/h, respectively. Also, the maximum andminimummean annual effective
gamma dose of Tudor Shaft mine environs was 2.49  101 and 1.61  101 mSv/y,
respectively and the excess lifetime cancer risk from the average values of the outdoor
gamma dose from nine areas of 1.03  103 was observed. Soil samples were analysed by
gamma spectroscopy and the average 238U, 232Th, and 40K activities were 271.96 ± 3.59 Bq/
kg, 47.65 ± 3.69 Bq/kg and 87.17 ± 5.19 Bq/kg, respectively. The average soil radionuclides'
concentrations of Tudor Shaft mine environs were above the worldwide range and some
extreme values had been determined. Annual effective gamma doses and the excess life-
time risks of cancer were higher than the world's average.
Copyright © 2016, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Tudor Shaft informal settlement is in Krugersdorp, west of
Johannesburg and is highly affected by gold mine shaft and
tailings dam which contains radionuclides. The community
are affected by this mine's bequest. The community of Tudor
Shaft built their shacks on the tailings soil, grow their vege-
tables and the children play on the soils. The area is polluted
by acid mine drainage (AMD) and other heavy metals due to
the mining of gold in the past (Norgate & Haque, 2012). Envi-
ronmentalists have tried to warn the residents about theRadiation Science and
887416.
o.uk (R.L. Njinga).
gyptian Society of Radiat
iety of Radiation Sciences
cense (http://creativecomradioactive dangers from the tailings dump, but it's been a
difficult task. Even today, the residents grow pumpkins and
corn in small gardens on the dump. There is no fence to pre-
vent children from playing around the slimes.
In 2012, acting on advice from the National Nuclear Regu-
lator (NNR), the local government, the mining company began
removing the Tudor Shaft waste dump. About half of the soil
was removed, but environmentalists were alarmed that it was
being done without risk-assessment studies or consultations.
It was observed that some families were living on top of the
waste dump.Technology, CARST, North West University, Private Bag X2046,
ion Sciences and Applications.
and Applications. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
Fig. 1 e Informal settlement in Tudor Shaft environs.
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nation in cattle grazing near the slimes in Tudor shaft. It was
found that the internal organs of cattle kept in the area have
been contaminated with uranium and cobalt. It was also
observed that the analysed animals' kidneys were found
uranium levels 4350 times higher than those in a control
group.
In addition, people are exposed to background radiation
that stems both fromnatural andman-made sources (Abbady,
El-Arabi, Abbady, & Taha, 2008; Aborisade, Olomo, & Tcho-
kossa, 2003; Akhtar, Tufail, & Ashraf, 2005). Natural back-
ground radiation, which is equal to 2.4mSv per person, makes
up approximately 80% of the total radiation dose a person is
exposed in a year (IAEA, 1989, 1996). Soil radionuclide activity
concentration is one of the main determinants of the natural
background radiation (Ahmed& El-Arabi, 2005). Rocks that are
rich in phosphate, granite and salt contain natural radionu-
clides like uranium-238, thorium-232 and potassium-40 and
when they are disintegrated through natural processes, ra-
dionuclides are carried to soil by rain and flows (NCRP, 2010).
In addition to the natural sources, soil radioactivity is also
affected from man-made activities.
Radioisotopes present in soil significantly affect terrestrial
gamma radiation levels. Several studies have been carried out
to assess the average outdoor terrestrial gamma dose rate in
air at 1 m from the ground and revealed that the effective
gamma radiation levels were generally in the range of
10e200 nGyh1 with a mean of 60 nGyh1 (UNSCEAR, 2000).
It is critical to evaluate soil radioactivity in order to un-
derstand background radiation concentrations. Measuring
terrestrial gamma dose rates is also essential since gamma
radiation provides information concerning excess lifetime
cancer risks. However, in South Africa, studies have been
carried out to evaluate soil radioactivity (DME, 2005) and
terrestrial gammadose rates but limited in estimating lifetime
cancer risk especially in mining environs. Hence the objective
of this study is to evaluate soil radionuclides' radioactivity
concentrations aswell as environmental outdoor gammadose
rates in Tudor shaft which is an informal settlement located in
Kagiso, West Rand Municipality, Gauteng province of South
Africa. This area is influenced by abandoned gold mined
tailing dams (slimes). Until now, there hasn't been a compre-
hensive study evaluating background radiation levels and
relating it to excess lifetime cancer risk, hence, the equilib-
rium dose rates and lifetime cancer risks are also calculated to
provide useful information on gamma radioactivity in soil
around Tudor Shaft mine environs.2. Materials and methods
2.1. Study area
Tudor Shaft is an informal settlement in Krugersdorp, west of
Johannesburg and highly affected by gold mine shaft and
tailing dams. It is a suburb of West Rand, Gauteng province
which is about 30 km south of Johannesburg. Tudor Shaft was
created in 1996 when the local government relocated hun-
dreds of people to this site. An example of some informal
shacks scattered all over the environs is captured in Fig. 1.2.2. Outdoor gamma dose rate determination
In order to determine the outdoor gamma dose rates, Tudor
Shaft environs was divided to nine geographic areas (Table 1).
From each geographic area five sampling locations were
randomly selected. For each sampling locations, measure-
ments were taken and the mean of the measurements for
each geographical area was calculated and appointed as the
outdoor gamma dose rate.
The Eberline smart portable device (ESP-2) connected with
an SPA-6 model plastic scintillation detector was used for the
outdoor gamma dose rates measurements, taken in air for
2 min at 1 m above the ground. The gamma dose rates were
recorded asmRh1 and then converted to nGyh1. The gamma
absorbed doses in nGyh1 were also converted to annual
effective dose in mSvy1 as proposed by UNSCEAR (UNSCEAR,
2000).
The annual effective dose equivalent (AEDE) was calcu-
lated by using the following equation:
AEDE ¼ ADRA DCF FO  T (1)
where ADRA ¼ absorbed dose rate in air (nGyh1), FO ¼ the
outdoor occupancy factors of 0.2, DCF ¼ dose conversion fac-
tor (0.7 SvGy1) and T ¼ time (8760 hyr1).
Excess lifetime cancer risk (ELCR) was calculated by using
the Equation (2):
ELCR ¼ AEDE ELD  CRF (2)
where ELD ¼ Expected lifetime duration (70 yrs) and CRF ¼ fatal
cancer risk factor (for stochastic effects, ICRP, 1990 uses a
value of 0.05 for the general public).2.3. Determination of soil radioactivity and terrestrial
gamma dose rates
In order to determine soil radionuclides' activity concentra-
tion, the 45 soil samples from the nine geographical locations,
were selected. Soil samples were obtained as described in
Table 1.
Open, flat and undisturbed geographical locations which
had good water permeability were selected as the sampling
points. The first 10 cm of topsoil was taken, foreign bodies
were removed and the remaining soil was placed in clean,
sealed and labelled bags. The samples were dried at 60 C for
Table 1 e Soil sample collection.
Sample ID Sampling location descriptions
A1 Five sample randomly collected at the top of the tailing slimes
A2 Five sample randomly collected at the base of the tailing slimes
A3 Five sample randomly collected at 50 m away from the tailing slimes
A4 Five sample randomly collected at 75 m away from the tailing slimes
A5 Five sample randomly collected at 100 m away from the tailing slimes
A6 Five sample randomly collected at 125 m away from the tailing slimes
A7 Five sample randomly collected at 150 m away from the tailing slimes
A8 Five sample randomly collected at 175 m away from the tailing slimes
A9 Five sample randomly collected at 200 m away from the tailing slimes
Total 45 soil samples obtained in the nine geographical sub areas
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Marinelli type beakers. The samples were kept one month
before the analysis at airtight condition to allow secular
equilibrium between thorium and radium and their decay
products. The system was calibrated using standard mixtures
of gamma emitting isotopes in Marinelli beakers. Each sample
was placed in gamma spectroscopy and was counted for
50,000 s using a gamma spectroscopy device connected to a
coaxial HPGe detector, Canberra. The activities of the samples
were determined using the total net counts under the selected
photo-peaks, the measured photo-peak efficiency, gamma
intensity and weight of the samples. After correcting for
background and Compton contribution, the activity concen-
trations of 238U, 232Th, and 40K were determined. The 238U and
232Th were calculated assuming secular equilibrium was
established with their decay products [238U series: 226Ra
(186.0 keV), 214Pb (351.9 keV) and 214Bi (609.2 keV); 232Th series:
228Ac (911 keV), 208Tl (583.1 keV)].
External terrestrial gamma dose rate was calculated
from the concentrations of the radionuclides in soil. Based
on the radioactivity levels of 238U, 232Th, and 40K, gamma
absorbed dose rate in air (ADRA) in nGy/h at 1 m above the
ground level was calculated by using Equation (3)
(UNSCEAR, 2000).
ADRA ¼
X
k
Ak  Fk (3)
where ADRA is the gamma dose rate in the outdoor air at 1 m
above the ground, Ak(in unit of nGyh
1/Bqkg1) is the
weighted mean activity of 238U, 232Th or 40K, Fk is the corre-
sponding dose conversion factor.
The analyses were carried out in the laboratory of Centre
for applied radiation science and technology, North-West
University, Mafikeng campus.3. Results
Outdoor gamma dose rates were determined in 9 sampling
geographical locations as described in Table 1. Total outdoor
gamma dose rates are presented in Table 2. Tudor shaft en-
virons has an average gamma dose rate of
152.94 ± 14.01.89 nGyh1. The readings of the mean values
ranged from 131.09 ± 5.43 to 202.74 ± 14.18 nGyh1 recorded
for A1 and A2 locations which were from the top and bottomof the tailing. The percentiles range from 25 to 75 are indicated
in Table 2 for all the studied locations.
By using Equation (1) for ADRA ¼ 152.94 nGyh1 which is
the mean gamma dose rate for all the nine studied locations,
annual effective gamma dose (terrestrial plus cosmic) of
Tudor shaft was calculated as 0.188 mSvy1.
By using Equation (2), excess lifetime cancer risk was
calculated as 7.65  104. Furthermore, when life expectancy
was taken as 70 years, the lifetime total dosewas calculated as
13.13 mSv which yielded a lifetime cancer risk of 7.65  104.
As seen in Table 3, A1 and A2 geographical locations had
the highest effective dose rates. Both locations had a lifetime
cancer risk of 1.01  103 and 8.36  104, respectively (Table
3). As shown in Table 4 (aeb), the mean 238U, 232Th, and 40K
activities ranged from 252.11 ± 17.22 to 321.53 ± 48.10 Bq/kg,
29.97 ± 2.72 to 75.94 ± 2.62 Bq/kg and 57.32 ± 1.57 to
185.01 ± 1.18 Bq/kg, respectively (Table 4). The values of the
median, percentiles (25e75) are shown in Table 4, for all the
nine locations.
By using Equation (3), the average gamma absorbed dose
rate, annual does rate were calculated as shown in Table 5.4. Discussion
Studies indicate an average outdoor terrestrial gamma dose
rate of 60 nGyh1 in the World (UNSCEAR, 2000). This study
determined that the average terrestrial gamma dose rate of
Tudor shaft for the calculated and measured were 163.17 and
152.94 nGyh1, respectively and higher than the world's
average. The level of gamma radiation was directly associated
with the activity concentrations of radionuclides in the soil
samples and cosmic rays. Tudor shaft had particularly high
activity concentrations of 238U, 232Th and 40K which increased
the terrestrial gamma dose rates. As observed in this study,
the terrestrial gamma dose rates varied within the study area,
even among the regions between 50 and 200 m away from the
tailing (slimes). This variation is associated with the radio-
nuclides' activity concentrations of the soil due to the tailings.
Also, soil and rocks always contain some natural radionu-
clides as uranium and thorium at different concentrations.
These radionuclides are dispersed in the region only after
long-lasting geological processes. Within Tudor shaft, loca-
tions A1 and A2 had the highest outdoor gamma dose rate
(202.74 and 167.14 nGyh1). The same locations also had
Table 2 e The total gamma outdoor dose rate (nGyh¡1) measurements.
Sample ID Mean ± std. deviation Median Min. Max. Percentiles (25e75)
A1 202.74 ± 14.18 201.1 188.78 222.33 189.57e216.73
A2 167.14 ± 17.32 166.66 141.34 184.74 151.58e182.95
A3 154.05 ± 16.79 161.52 131.21 169.92 136.40e167.96
A4 151.21 ± 7.22 154.54 143.77 159.65 144.22e158.17
A5 155.21 ± 0.02 155.21 155.19 155.23 155.20e155.23
A6 141.96 ± 11.91 144.16 121.96 151.16 131.86e150.97
A7 136.39 ± 7.35 139.35 125.52 143.52 128.97e142.32
A8 135.98 ± 2.43 135.35 133.50 139.85 134.08e138.20
A9 131.09 ± 5.43 133.39 125.19 135.99 125.24e135.79
Table 3 e Annual dose rate and excess lifetime risks of cancer.
Annual dose rate (mSv/y) Lifetime total dose
(mSv)
Excess lifetime cancer risk
N Min Max Mean Min Max Mean Min Max Mean
A1 5.00 2.32  101 2.73  101 2.49  101 16.21 19.09 17.40 9.44  104 1.11  103 1.01  103
A2 5.00 1.73  101 2.27  101 2.05  101 12.13 15.86 14.35 7.07  104 9.24  104 8.36  104
A3 5.00 1.61  101 2.08  101 1.89  101 11.26 14.59 13.23 6.56  104 8.50  104 7.70  104
A4 5.00 1.76  101 1.96  101 1.86  101 12.34 13.71 13.04 7.19  104 7.98  104 7.59  104
A5 5.00 1.85  101 2.03  101 1.92  101 12.98 14.18 13.48 7.56  104 8.26  104 7.85  104
A6 5.00 1.50  101 1.85  101 1.74  101 10.47 12.98 12.19 6.10  104 7.56  104 7.10  104
A7 5.00 1.54  101 1.76  101 1.67  101 10.78 12.32 11.71 6.28  104 7.18  104 6.82  104
A8 5.00 1.64  101 1.72  101 1.67  101 11.46 12.01 11.67 6.68  104 6.99  104 6.80  104
A9 5.00 1.54  101 1.67  101 1.61  101 10.75 11.67 11.25 6.26  104 6.80  104 6.55  104
World (UNSCEAR, 2000) 8.00  102 5.67 2.90  104
Table 4 e (aec) Calculated activity concentration of 238U, 232Th and 40K.
Sample ID Mean ± std. deviation Median Min. Max. Percentiles (25e75)
238U concentration (Bq/kg) [a]
A1 303.59 ± 55.65 281.08 251.08 385.21 258.22e360.21
A2 32.53 ± 48.10 332.81 266.22 369.59 271.22e360.20
A3 278.89 ± 50.55 263.87 231.95 362.81 241.95e323.34
A4 266.56 ± 18.74 275.39 240.55 283.15 246.85e281.85
A5 252.11 ± 17.22 257.01 225.27 270.62 236.14e265.62
A6 256.64 ± 26.44 251.19 225.36 297.73 236.55e279.46
A7 257.16 ± 29.94 262.19 225.72 277.84 236.78e275.02
A8 254.93 ± 20.66 257.50 225.59 282.03 236.55e272.03
A9 256.24 ± 26.13 251.03 225.49 296.83 236.16e278.93
232Th concentration (Bq/kg) [b]
A1 75.94 ± 2.62 76.22 72.84 78.9 73.30e78.46
A2 50.12 ± 3.63 50.23 45.91 55.5 46.90e53.29
A3 46.39 ± 1.64 47.01 43.67 47.99 44.97e47.50
A4 47.60 ± 0.95 47.5 46.54 48.98 46.76e48.50
A5 47.02 ± 1.53 47.84 44.99 48.47 45.39e48.24
A6 46.58 ± 1.84 47.73 44.01 48.03 44.62e47.96
A7 40.34 ± 4.16 40.95 33.69 45.2 37.12e43.27
A8 29.97 ± 2.72 30.91 25.52 32.1 27.44e32.03
A9 44.88 ± 2.83 45.58 40.15 47.2 42.40e47.02
40K concentration (Bq/kg) [c]
A1 185.01 ± 3.18 186.18 179.57 187.52 182.29e187.14
A2 132.76 ± 3.24 132.80 129.67 137.9 13.01e135.50
A3 83.25 ± 2.21 83.87 79.92 85.23 81.08e85.12
A4 82.85 ± 3.21 82.89 79.45 87.91 80.16e85.53
A5 60.24 ± 1.15 60.62 58.99 61.54 59.03e61.27
A6 59.43 ± 1.57 59.15 57.90 61.19 57.94e61.06
A7 60.98 ± 0.94 61.01 59.57 62.19 60.25e61.71
A8 62.69 ± 2.33 62.03 60.96 66.70 61.09e64.63
A9 57.32 ± 4.43 58.78 49.66 61.03 53.79e60.13
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Table 5 e 238U, 232Th and 40K activity concentration, absorbed dose rates and annual dose rate.
Sample ID Radionuclides conc.
(Bq/kg)
Absorbed dose rate
(nGy/h)
Annual dose rate (mSv/y)
238U 232Th 40K Calculated
(terrestrial)
Measured
(terrestrial þ cosmic)
Calculated
(terrestrial)
Measured
(terrestrial þ cosmic)
A1 303.59 ± 55.65 75.94 ± 2.62 185.01 ± 3.18 193.84 202.74 0.25 0.24
A2 321.53 ± 48.10 50.12 ± 3.63 132.76 ± 3.24 184.36 167.14 0.21 0.23
A3 278.89 ± 50.55 46.39 ± 1.64 83.25 ± 2.21 160.34 154.05 0.19 0.20
A4 266.56 ± 18.74 47.60 ± 0.95 82.85 ± 3.21 155.36 151.86 0.19 0.19
A5 252.11 ± 17.22 47.02 ± 1.53 60.24 ± 1.15 147.38 155.21 0.19 0.18
A6 256.64 ± 26.44 46.58 ± 1.84 59.43 ± 1.57 149.18 141.96 0.17 0.18
A7 257.16 ± 29.94 40.34 ± 4.16 60.98 ± 0.94 145.72 136.39 0.17 0.18
A8 254.93 ± 20.66 29.97 ± 2.72 62.69 ± 2.33 138.49 135.98 0.17 0.17
A9 256.24 ± 26.13 44.88 ± 2.83 57.32 ± 4.43 193.84 131.09 0.16 0.18
Mean 271.96 ± 3.59 47.65 ± 3.69 87.17 ± 5.19 163.17 152.94 0.19 0.19
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the other locations. Still 40K, and 232Th activity concentrations
of location A3 to A9 were similar to each other.
Radionuclide activity concentrations of the soil samples
varied within the study area due to the differences of
geological structures and the separations from the slimes. The
average activity concentration was 271.96 ± 32.12, 47.65 ± 2.10
and 87.17 ± 4.21 Bq/kg for 238U 232Th and 40K, respectively. The
maximum average activity concentration of 238U was
321.53 ± 48.10 Bq/kg, detected in A2. The average 232Th activity
concentration was determined as 47.65 ± 2.10 Bq/kg. The ac-
tivity concentrations of 238U in soil samples were higher
compared to 40K and 232Th in Tudor shaft. The mean activity
concentration of 232Th was slightly higher than the World's
average (30 Bq/kg) (UNSCEAR, 2000).
As shown in Table 6, the soil radionuclides' activity con-
centrations were comparable to other studies conducted in
other parts of world (Ahmed & El-Arabi, 2005; Akhtar et al.,
2005; Al-Jundi, 2002; Becegato, Ferreira, & Machado, 2008;
Kannan, Rajan, Lyengar, & Ramesh, 2002; Karahan &
Bayulken, 2000; Manigandan & Chandar Shekar, 2014; Singh,
Rani, & Mahajan, 2005; Wassila & Ahmed, 2011). Apart from
Al-Jundi, the other authors Table 6, determined slightly lower
activity concentrations of 238U and 232Th (except for
Manigandan & Chandar Shekar, 2014; Singh et al., 2005)
compared to this study. 40K was relatively very low compared
to other studies worldwide.
The long-term exposure to uranium and thorium decay
chain series, through inhalation has several health effectsTable 6 e 238U, 232Th and 40K activity concentrations compared
Country 238U 232Th
Istanbul, Turkey 21 37
Russiafa, Jordan 48.3e523.2 8.7e27.1
Kalpakkam, India 5e71 15e776
Western Ghats 26.26 53.61
India 64 93
Algeria 47.01 43
Brazil 1.69 5.32
Egypt 13.7 12.3
Pakistan 27.39 31.16
This study 271.96 47.65as chronic lung diseases, acute leucopoenia, anaemia and
necrosis of the mouth (ATSDR, 1990, 1999). Radium causes
bone, cranial, and nasal tumours (ATSDR, 1990, 1992).
Thorium exposure can cause lung, pancreas, hepatic, bone,
kidney cancers and leukaemia (ATSDR, 1992). Therefore
gamma dose rates and radionuclides activity concentrations
should be monitored particularly in areas that are rich of
radium and uranium.
Other studies indicate that concentrations of 40K in soil
are significantly higher than 238U and 232Th (Table 6) unlike
this study. Similarly soil samples in Tudor shaft yielded
higher concentration of 238U and 232Th compared to 40K.
Final, we were able to calculate the excess lifetime cancer
risks and yet, not able to evaluate the health hazards of the
assessed values on the population. This is because, reliable,
standardised mortality and morbidity statistics were not
accessible, and this study was limited to background radi-
ation levels.5. Conclusion
The background radiation level has been determined in order
to evaluate the health hazards parameter around Tudor shaft
environs. The average soil activity concentrations of Tudor
shaft were significantly above the worldwide range and some
extreme values had been determined. The annual effective
gamma doses and the lifetime risks of cancer were signifi-
cantly higher than the world's average. Moreover compared toto other studies.
40K Reference
342 Karahan and Bayulken (2000)
44e344 Al-Jundi (2002)
200e854 Kannan et al. (2002)
231.93 Manigandan & Chandar Shekar (2014)
124 Singh et al., (2005)
329 Wassila and Ahmed (2011)
34.15 Becegato et al. (2008)
1233 Ahmed and El-Arabi (2005)
602.77 Akhtar et al. (2005)
87.17 This study
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